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Abstract
Next-generation spintronic applications require
material properties that can be hardly met
by one material candidate. Here we demon-
strate that by combining insulating and metal-
lic magnets, enhanced spin-charge conversion
and energy-efficient thermal spin currents can
be realized. We develop a nanowire device con-
sisting of an yttrium iron garnet and permal-
loy bi-layer. An interfacial temperature gra-
dient drives the nanowire magnetization into
auto-oscillations at gigahertz frequencies. In-
terfacial spin coupling and magnetoresistance
of the permalloy layer translate spin dynam-
ics into sizable microwave signals. The results
show prospect for energy-efficient spintronic de-
vices and present an experimental realization of
magnon condensation in a heterogeneous mag-
netic system.
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Energy-efficient control of spin dynamics1 and
sizable spin-charge conversion2 are central top-
ics of spintronic research. Magnetic insulators
have recently risen as promising material candi-
dates for spintronic applications.3–5 They pos-
sess low magnetic damping and thus reduce en-
ergy dissipation.6,7 The low thermal conduc-
tivity of magnetic insulators, once viewed as a
challenge for heat management, bears an oppor-
tunity for spintronic devices via heat recycling.
Interfacial heat flow in ultra-thin bi-layers of
the ferrimagnetic insulator, yttrium iron garnet
(YIG), and platinum has recently been shown
to inject a spin current sufficient to induce auto-
oscillations of YIG magnetization,8 creating a
spin-torque oscillator driven by waste heat.
While magnetic insulators help to avoid
shunting of electrical currents, they possess
no intrinsic means of spin-charge conversion
and rely on proximity-mediated effects.2,9 In
YIG/Pt systems, the spin Hall magnetoresis-
tance allows for read-out of spin information.
However, it is rather small (typically 10−1-
10−2 %),8,10 which presents an obstacle for in-
tegration of insulators in reliable spintronic ap-
plications.
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Figure 1: Magnetoresistance of the nanowire device. (a) Scanning electron micrograph of the
nanowire. H is the external magnetic field, applied in the film plane at angle ϕ with respect to
the nanowire axis. (b) Device resistance as a function of field angle at H = 1.6 kOe. (c) Device
resistance as a function of the magnetic field for different in-plane angles ϕ. All measurements in
this work are carried out at 77 K.
Metallic ferromagnets, on the other hand,
possess intrinsic, sizable spin-charge effects
based on spin-orbit interaction, which can be
employed for electrical read-out of static and
dynamic magnetic states.11–13 Recently, these
spin-charge effects have received much atten-
tion as tunable sources of spin currents.14–16
Spin injection using anomalous Hall effect,17–19
planar Hall effect,20 rotational-symmetry spin-
orbit effect21 in multilayers, and spin-orbit
torques in a single ferromagnetic layer22 have
been experimentally realized.
Here, we propose to exploit the virtues of
insulating and metallic magnets and fabricate
nanowires from thin film bi-layers of YIG and
permalloy (Py=Ni80Fe20). We find that spin
coupling at the metal-insulator interface and
anisotropic magnetoresistance (AMR) in Py
allow for electrical read-out of spin dynam-
ics in YIG. Furthermore, application of inter-
facial temperature gradient from ohmic heat-
ing drives the nanowire into magnetic auto-
oscillations which translate into sizable mi-
crowave signals. Our findings demonstrate that
nanoscale heterostructures based on a combi-
nation of metallic and insulating magnets offer
both sizable spin-charge conversion and ther-
mal spin-torques, thus enabling next-generation
energy-efficient spintronic applications. The
observed auto-oscillations, moreover, show an
experimental realization of magnon condensa-
tion23 in a two-magnet system with hybridized
spin wave modes.
Using sputtering deposition,24 we pre-
pare multilayer thin films consisting of
Gd3Ga5O12(GGG substrate)/YIG(20 nm)/Py
(5 nm)/AlOx(2 nm). The top layer prevents
Py from oxidation. By means of negative e-
beam lithography and ion milling, we fabricate
nanowire devices (180 nm width, 3.4µm length)
which fan out into sub-millimeter8 large electric
leads (Fig. 1a).
We apply a large magnetic field H = 1.6 kOe
in the sample plane and measure the device re-
sistance as a function of field angle ϕ with re-
spect to the nanowire axis (Fig. 1b). All mea-
surements are carried out in a cryostat at 77 K
thermal bath temperature. As expected for the
anisotropic magnetoresistance of Py,25 the re-
sistance follows R = R0 +∆R cos(2ϕ)/2 behav-
ior, where R0 = 1127 Ω and ∆R/R0 = 1.24%
is the magnetoresistance ratio. Figure 1c shows
the device resistance as a function of the mag-
netic field. Again as expected,25 in the hard
axis (at ϕ = 90 deg due to the shape anisotropy
of the nanowire) the curve is bell-shaped and in
the easy axis (ϕ = 0 deg) the curve is V-shaped.
However, large resistance drops near zero-field
and incomplete saturation in the easy axis sug-
gest some coupling of YIG and Py spins at the
interface.
The presence of interfacial spin coupling is an-
ticipated to have an impact on the spin wave
spectrum of the device.26–32 While zero cou-
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Figure 2: Spin-torque ferromagnetic resonance. (a) Spin wave spectrum of the long nanowire near
the hard axis. The normalized ST-FMR signal 〈V 〉 is color-coded. (b) Spin wave spectrum of
the short nanowire near the hard axis. (c) Linewidth of the lowest spin wave mode for the long
nanowire in the easy axis at f = 6.8 GHz. (d) Linewidth of the lowest spin wave mode of the short
nanowire ∼20 deg off easy axis at f = 2.5 GHz. Red curves are guides to the eye.
pling should leave individual spin wave spectra
of YIG and Py layers nearly unchanged (ex-
cept for the dipolar interaction), strong cou-
pling should significantly hybridize and delocal-
ize the spin waves over both, YIG and Py, layers
and can lead to spin wave modes of acoustic and
optical type.26
To evaluate the spin wave spectrum, we carry
out spin-torque ferromagnetic resonance (ST-
FMR) measurements near the hard axis with
field modulation33 on the nanowire shown in
Fig. 1a. Figure 2a presents one group of spin
waves as a function of frequency and field.
This group is dominated by two modes la-
beled ’1a’ and ’1b’. The spin wave spectrum
is not only determined by the coupling between
YIG and Py, but also by the nanowire dimen-
sions. We thus carry out ST-FMR on a much
shorter nanowire (displayed in inset of Fig. 2d).
As shown in Fig. 2b, the frequency-field data
presents one spin wave mode, labeled ’1’, sim-
ilar to the spin waves observed in the longer
nanowire. At higher frequencies, another spin
wave mode, labeled ’2’ is found.
To assess the nature of these spin waves, we
perform micromagnetic simulations using typi-
cal material parameters of YIG and Py (Sup-
porting Information). We find the best agree-
ment between experiment and micromagnet-
ics for Aint = 0.4 pJ/m – a moderately large,
ferromagnetic-type coupling at the interface.
The spin waves of the lower-frequency group
(’1a’ and ’1b’) are predominantly localized in
the YIG layer. They correspond to the nor-
mal spin wave eigenmodes25,34 of a nanowire
(see Supporting Information) – the number of
nodes increases with increasing frequency. The
higher-frequency mode (’2’) corresponds to the
lowest-order eigenmode of the nanowire, but is
predominantly localized in the Py layer. Due
to the symmetry of excitation field in the FMR
experiment (Oersted field of the Py layer), the
group ’2’ and higher-order spin waves of the
group ’1’ are very weakly excited,25 and thus
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not visible in Fig. 2a.
Micromagnetic analysis reveals that spin
wave modes at lower frequencies, while delocal-
ized over both layers, are more strongly excited
in one layer (see Supporting Information). For
instance, the mode ’1a’ is predominantly local-
ized in YIG, but also drags the magnetization
of Py. Such delocalization allows for detecting
this mode electrically via magnetoresistance of
Py. While at low frequencies, the magneti-
zations of YIG, ~MYIG, and Py, ~MPy, precess
nearly in-phase (acoustic modes), with increas-
ing frequency the phase difference approaches
pi (optical modes). Moreover, the delocaliza-
tion increases, and the spin wave mode become
strongly hybridized.
To explore the possibility of manipulating
the spin dynamics of the two-magnet devices,
we analyze the ST-FMR linewidth, which is
representative of the effective damping. The
linewidth of the lowest mode ’1a’ of the long
nanowire is shown in Fig. 2c as a function of
electric DC current sent through the Py layer.
The linewidth decreases for both polarities of
the bias current in the easy axis ϕ = 0 deg.
The observed decrease of the damping cannot
be explained by any known spin-orbit torque
generated by electric current in Py15 (Support-
ing Information): (i) In particular, the spin Hall
effect produces a spin current with polarization
~σ parallel to yˆ and thus11 does not contribute
to damping-like torque (∝ ~MYIG× ~MYIG×~σ) in
easy axis. (ii) The Anomalous Hall torque17–19
is zero for parallel orientation of electric cur-
rent and Py magnetization, which is the case
for easy axis. (iii) The Planar Hall torque20
is zero when magnetization lies in the film
plane. (iv) The Rotational-Symmetry torque
proposed in Refs.15,21 is zero for parallel ori-
entation of YIG and Py magnetizations. Fur-
thermore, spin-orbit torques are generally odd
in electric current and cannot explain the sym-
metric behavior shown in Fig. 2c.
On the other hand, ohmic heating in the Py
layer is nearly quadratic in electric current. Us-
ing finite-element simulations (Supporting In-
formation), we estimate a notable temperature
gradient across the layers of ∼ 0.3 K/nm at
∼ 1.8 mA for the long nanowire. The temper-
ature gradient generates an anti-damping spin-
torque via spin Seebeck effect,8,35–37 that is in-
dependent of the DC current polarity, consis-
tent with the data in Fig. 2c. In the short
nanowire, the heat easily dissipates into the ad-
jacent electrical leads, which reduces the tem-
perature gradient to ∼ 0.004 K/nm. With such
a small temperature gradient, the spin Seebeck
torque is negligible. The linewidth of the low-
est spin wave mode in Fig. 2c therefore depends
linearly on the electric current, which is charac-
teristic for spin-orbit torques (described above).
The linewidth of the long nanowire in Fig. 2c
can be extrapolated to zero at about approxi-
mately 1.6 mA, marking the critical current at
which the intrinsic damping of the lowest spin
wave mode is fully compensated by the spin
Seebeck torque. Once the intrinsic damping
is compensated, the magnetization transitions
into auto-oscillations in the absence of exter-
nal microwave drive.38 The auto-oscillations are
translated into electric signals via the effective
magnetoresistance of the nanowire.8
We supply electric DC current to the long
nanowire and measure the microwave signal
emitted from the device (into a microwave cir-
cuit,8 as described in Supporting Information).
In Fig. 3a, the signal detected at 3.0 GHz is
shown as a function of the magnetic field and
DC current for the easy axis. We find that at
low currents, the signal is nearly zero indicat-
ing only weak thermal excitation of the spin
waves. Above the current of approximately
1.8 mA, a sudden onset of the microwave sig-
nal is observed, which is characteristic of auto-
oscillations.38 By comparing the frequency-field
relation of spin waves from auto-oscillations and
from the ST-FMR experiment, we identify the
lowest modes predominantly localized in the
YIG layer to participate in auto-oscillations.
With increasing current (around 2 mA), the
emission field shows a strong non-linear shift,
which again is indicative of the auto-oscillatory
regime.8,38,39
The microwave emission data, shown in
Fig. 3a for the easy axis and in Fig. 3b for the
hard axis, present similar critical currents for
the onset of auto-oscillations. Inversion of mag-
netic field direction (Supporting Information)
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Figure 3: Auto-oscillations of magnetization of the long nanowire. (a) Microwave signal at 3.0 GHz
emitted from the nanowire in the easy axis. Normalized detected voltage 〈V 〉 is proportional to
the emitted microwave power density. (b) Microwave emission in the hard axis. At low electric
currents, a weak signal of thermally populated is visible. Above a current of approximately 1.8 mA,
microwave emission is strongly increased and the emission field shows a pronounced non-linear shift.
does not notably change the critical current,
as well. The isotropy of the critical current
further supports our conclusion – in the long
nanowire, isotropic8 thermal spin-torque due
to spin Seebeck effect is strong and drives the
auto-oscillations, while spin-orbit torques are
significantly smaller. For the short nanowire,
nearly free of the spin Seebeck effect, the critical
current can be estimated to over 10 mA, based
on the ST-FMR linewidth in Fig. 2c. Indeed, we
observe no microwave emission from this device
in the experimentally accessible current range.
The emergence of thermally driven magnetic
auto-oscillations observed here can be under-
stood as a manifestation of bosonic conden-
sation of incoherent magnons into a coherent
low-frequency magnon state. In order to reach
the threshold of this instability, the thermal
magnons need to be pumped to the chemical
potential exceeding the natural frequency of the
coherent low-frequency mode.23,36,40,41 Raising
the chemical potential in one of the ferromag-
net (here, YIG) by a heat flow from another one
(Py), in two-magnet heterostructures, presents
a conceptually novel scenario for magnetic auto-
oscillations.
In Ref. ,42 Bender et al. proposed a theoreti-
cal model for generating thermal spin currents
between two ferromagnetic layers separated by
a nonmagnetic metallic spacer. A temperature
gradient across the layers injects a spin flow
from the warmer ferromagnet into the spacer
(raising its electronic spin accumulation), which
is then transmitted downstream into the colder
magnet. In our bi-layer system, the spacer is
missing, so that the spin angular momentum
is driven directly across the interface between
the magnetic layers. Magnetic and possibly also
magneto-elastic hybridization across the inter-
face could result in an enhancement of the ef-
fective magnonic spin accumulation induced in
the YIG layer, facilitating the onset of the con-
densation instability.
The underlying transfer of the spin angular
momentum from the incoherent to the coherent
spin precession can formally be also understood
in terms of an anti-damping torque entering in
the equation of motion for the latter, in propor-
tion to the chemical potential of the incoherent
magnon gas.43 The chemical potential is zero
in equilibrium but can be raised or lowered, de-
pending on the orientation of the heat flux be-
tween the magnetic layers. We generically ex-
pect the hotter (colder) side to correspond to
the decrease (increase) of the magnon chemical
potential.44
Thermal spin-torque in heterogeneous sys-
tems, such as two-magnet systems investigated
here, has so far remained unexplored experi-
mentally and theoretically. We consider two
possible microscopic mechanisms contributions
to the torque: (i) Spin waves are excitations of
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magnetic moments residing in the d -electrons,
which are coupled by s-d exchange with conduc-
tion electrons in Py.45 The conduction electrons
thus possess a higher temperature than spin
waves which are delocalized over both, warmer
and colder, layers. The conduction electrons
serve as a source of energy and angular mo-
mentum and populate magnons in the nanowire
beyond their thermal equilibrium, thus exert-
ing a thermal spin-torque similar to the con-
ventional spin Seebeck in YIG/Pt. In the two-
magnet system, however, the spin Seebeck ef-
fect is different in that a temperature differ-
ence between the magnonic and electronic sub-
systems within one heterogeneous magnetic sys-
tem creates the anti-damping torque. (ii) Since
the spin waves at higher frequencies show a
higher degree of delocalization, they are more
susceptible to thermal excitations in the Py
layer. The energy and angular momentum of
higher-frequency magnons redistribute to the
lower-frequency magnon states, creating a pop-
ulation beyond thermal equilibrium and exert-
ing thermal spin-torque.23,36,40,41
While our results demonstrate thermal spin-
torque to be responsible for damping modifi-
cation and auto-oscillations, they do not al-
low for quantitative comparison of contribu-
tions due to the (i) magnon-electron and (ii)
magnon-magnon mechanisms. However, the
temperature gradient needed to reach auto-
oscillations in our two-magnet nanowires and
YIG/Pt nanowires of Ref. 8 are similar. This al-
lows for a conjecture that the magnon-magnon
mechanism, which is only present in two-
magnet systems, is unlikely more effective than
the magnon-electron mechanism. The delocal-
ized nature of spin waves offers an effective
means for spin-charge conversion in applica-
tions based on magnetic insulators. We esti-
mate the power spectral density of the emit-
ted microwave signal from auto-oscillation to
∼1 pW MHz−1 which is three orders of magni-
tude higher than electrical signals obtained on
YIG/Pt systems.
In conclusion, we find that heterostructures
based on a combination of metallic and insu-
lating magnets bear a great promise for next-
generation spintronic applications. Via interfa-
cial spin coupling, magnetization dynamics in
magnetic insulator translates into magnetiza-
tion precession of the ferromagnetic metal. In-
herently large magnetoresistance in ferromag-
netic metal allows converting this magnetiza-
tion dynamics into sizable electric signals. With
a moderate interfacial spin coupling, the lower-
energy spin wave modes are predominantly lo-
calized in one layer, while higher-energy modes
show an increased level of hybridization and de-
localization. Heat flow due to the temperature
gradient across the layers leads to magnon con-
densation into the lower-energy modes, driving
the magnetization into auto-oscillations. We
demonstrate that a two-magnet system can be
used to realize thermally driven spin-torque
nano-oscillators. The results show a prospect
for energy-efficient spintronic devices and ad-
vance our understanding of magnon thermody-
namics in heterogeneous magnetic systems.
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Figure S1: Micromagnetic simulations of YIG/Py nanowire using MuMax3 package.1 Device
geometry: length 3.8 nm, width 190 nm, YIG thickness 20 nm, Py thickness 5 nm. Cell size:
3.7 nm×5.9 nm×5.0 nm, temperature: 0 K, excitation by a sinc-pulse with lateral symmetry of
50 Oe (in z-direction). YIG magnetization 175 kA/m, Py magnetization 800 kA/m, YIG exchange
constant 3.5×10−12 J/m, Py exchange constant 13×10−12 J/m. (a) Spatially averaged, normalized
FFT of transverse components of magnetization is representative of excitation of spin waves close to
hard-axis. Excitation magnitude is color-coded in arbitrary units. Modes ’1a’ and ’1b’ are excited
in the experiment; mode ’1c’ is not sufficiently excited in the experiment. Mode ’2’ is sufficiently
excited in short nanowires and in some of the long nanowires (supposedly due to symmetry-breaking
defects present). (b) Lateral profile of excitations in YIG and Py layers for different frequencies at
external field of 1000 Oe. With increasing frequency, delocalization and hybridization of spin waves
increases. At low frequencies, the phase difference of magnetization precession between YIG and
Py layer is nearly 0; at higher frequencies, the phase difference approaches pi.
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Spin-charge effect Spin 
polarization 
?⃗? ∝ 
Spin flow 
direction 
𝑰 𝝈 ∝ 
Damping/anti-damping 
character under field 
reversal 
Anti-damping 
effect disappears 
when 
Spin Halla 𝐼 𝑒 × 𝐼 𝜎 𝐼 𝜎 odd in easy-axis 
Anomalous Hallb ?⃗⃗? Py ?⃗⃗? Py × ?⃗?  odd in easy-axis 
‘Planar Hall’ (AMR)c ?⃗⃗? Py ?⃗⃗? Py (?⃗⃗? Py ∙ ?⃗? ) even in film plane 
     
Rotational-
symmetryd 
𝜎  𝐼 𝑒 × (?⃗⃗? Py × 𝜎 ) even ?⃗⃗? Py || ?⃗⃗? YIG 
collinear 
 
Table S1: Overview of some spin-orbit torques acting on YIG magnetization in the YIG/Py bi-
layer system, based on previous works. The damping-like torque considered here is exerted via
an effective spin current. The spin current is described by the tensor product of spin polarization
and spin flow direction ~σ ⊗ ~Iσ. The spin current is generated in Py or at the interface. The
damping/antidamping effect changes (odd) or maintains (even) sign under field reversal in the
two-magnet nanowire (the field above remanence is assumed). The damping/antidamping effect
vanishes for specific configurations of the magnetizations. a) Refs. ;2–4 b) Refs. ;5–8 c) Refs. ;5,9
d) Refs. 10,11
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Figure S2: Finite-element simulation (in COMSOL Multiphysics) of temperature profile under
ohmic heating of the Py layer. (a) Lateral profile of temperature (in Kelvin) of a long nanowire
at I=1.87 mA. (b) Lateral profile of temperature (in Kelvin) of a short nanowire at I=1.66 mA.
(c,d) Depth profiles of the temperature, counting the thickness from the top of the Py layer.
4
Figure S3: Microwave emission from the long nanowire at negative fields. The sample is wire-
bonded to a co-planar waveguide, and the emitted microwave signal is passed through co-axial
microwave cables to a bias-tee, pre-amplifier, and spectrum analyzer. The measurements are car-
ried out using field modulation and single-frequency detection, as detailed in Ref. 12 (a) Easy-axis
emission. (b) Hard-axis emission. The normalized detected voltage 〈V 〉 is proportional to the
spectral power density. Emission spectra very similar to those detected at positive external fields
are observed.
5
Graphical TOC Entry
16
